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Electrochemiluminescence(ECL) detection is one of the prevailing
electrochromism approaches to test biotin or chemicals [1]. It involves
electron transfer between electrochemically generated radical ions in
solution to produce excited species that emit light. When voltage is
exerted between the working electrode and the counter electrode, ele-
ments or radicals can be exited to metastable potentials, which would
be capable to transmit photon when moving back to stable valance [2].
ECL signals are unique to speciﬁc substances since wavelength and lumi-
nescence intensities are distinct [3]. In addition, the voltage of photomul-
tiplier tube (PMT) also contributes to ECL signals [4]. Combined with
electrochemical (EC) detection, we can forecast the concentration range
and the substance type.
However, in practice, thorny ECL signals by impurities are devastative
in judging the right substance and its concentration precisely. Since elec-
trochemical (EC) and ECL detection devices are always integrated, both, manyc@mail.dlut.edu.cn
q.com (S. Yang),
e), 2252518280@qq.com
. This is an open access article underECL and EC detections are conducted simultaneously [5]. As cyclic volt-
ammetry serving as EC method, voltages are cycling periodically [6].
Thus the ECL signals versus time are also periodic. If impurities such as
remnants in the last experiment are not obliterated, cusps or irregular os-
cillation will occur. Hence it is crucial to dispose the noise and change it
into smooth curves for analysis.
To solve this intractable problem, we initially introduced a classic SVD
method by rearranging the time sequence signal into a time hided but
dependent n × n matrix [7]. However, according to the analytical and
optimizing results, we found that the classical approach in processing
the signal has its drawbacks such as multiple sinusoids in noisy environ-
ment. The problem of recovery of multiple sinusoids in noisy environ-
ment has been addressed by several researches in the past [8,9]. In
practice, one often encounters noise signals with multiple periodic com-
ponents, which are not necessarily sinusoidal but have deﬁnite unknown
repeating patterns.
In paper [10], the approach using the Singular Value Ratio (SVR)
spectrum is introduced in order to extract periodic signal of every
noise signal. In paper [11], amethod based on signal energy is proposed,
which is also based on SVD and can solve such kind of problems.
However, both of them may not be efﬁcacious since the error between
the forecasted results and the authentic signal can't be eliminated
thoroughly. Hence we proposed a novel improved and more stable
method of extracting periodic compositions from complex signalsthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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were optimized to determine the substance and concentration [13].
Successful results were obtained.
2. SVD principles
2.1. Deﬁnition of SVD
The SVD of a m × n matrix A is deﬁned [14] as
A ¼ U
X
VT ð1Þ
where U=[u1u2…um]∈Rm×m,
V=[v1u2…un]∈Rn×n, UTU=I, VTV=I and∑∈Rmn
Σ is equal to diag(σ1σ2…σp0…0) and σ1≥σ2≥… ≥σp≥0 are called
non-zero singular values of matrix A. The rank of matrix A is
p(p≤min(m,n)), U and V are called left and right singular matrix
of matrix A respectively.
2.2. Periodic signal component detection by SVR spectrum
Suppose that the sampling interval isΔt, thus a time series is formed
as{x(n)n=1,2,…}. Taking a positive integer M as the column number
of a matrix to be constructed (M≥2), supposing that N segments with
the same length of M points are extracted from the series consecutively,
then the matrix is rearranged into N columns and N rows, as shown
below:
Am ¼
x 1ð Þ x 2ð Þ ⋯ x Mð Þ
x M þ 1ð Þ x M þ 2ð Þ ⋯ x 2Mð Þ
⋮ ⋮ ⋱ ⋮
x N−1ð ÞM þ 1ð Þ x N−1ð ÞM þ 2ð Þ ⋯ x NMð Þ
2
664
3
775 ð2Þ
While the signal period isMΔt. If noise is absent,AMwill be a rank-one
matrix where σ2=0.
In the presence of weak noise, σ1σ2 would be very high. However, a
slight erroneous selection of row length would not generate a large σ1σ2
due to the misalignment. Hence, the proﬁle of variation of this ratio
with row length can be employed to detect periodicity of a signal. This
proﬁle is henceforth called Singular Value Ratio (SVR) Spectrum [15].
The SVR spectrum not only detects periodicity but also determines its
period length [16].
In practice, there is no strict periodic series, whichmay be either a
quasi-periodic series or a noise periodic series. However, as long as
the series contains a conspicuous periodic component, there should
be an associated peak in its SVR spectrum. Reversely, in a SVR spec-
trum, an obvious peak indicates a periodic component in the signal
series.
Assume that the positive integer corresponding to an obvious peak in
the SVR spectrum is P, and the analogical period of the related periodic
componentwould be PΔt, where error ismore than half a sample interval
Δt. In SVR spectrum, the unit of the positive integer M is a sampling
interval.
The above deﬁnition of the SVR spectrum sounds quite reasonable.
However, the SVR spectrum usually appears disabled when detecting
and extracting the signal periodic component [17]. The main reason is
that there exists a period estimation error ΔT between the accurate
period T of the periodic component and MΔt. With more rows
constructing matrix, the error will be accumulated. Such process will
lead to SVR spectrum failure.
To solve this problem, Li [18] introduces an improved method to
reconstruct SVD matrix from a series. For a series {x(n)n=1,2…} with
the sampling interval Δt, extract positive real number m (m≤2). LetM = round (m), mk=round(km),k=0,1 ,… ,N−1, where round is
to approximate the value into the nearest integer. Am for SVD is recon-
structed as follows:
Am ¼
x 1ð Þ x 2ð Þ ⋯ x Mð Þ
x m1 þ 1ð Þ x m1 þ 1ð Þ ⋯ x m1 þMð Þ
⋮ ⋮ ⋱ ⋮
x mN−1 þ 1ð Þ x mN−1 þ 2ð Þ ⋯ x mn−1 þMð Þ
2
664
3
775 ð3Þ
The difference between (2) and (1) is that each row is not strictly
followed by the latter row in series x(n). Notice that the above deﬁni-
tion of the starting point of each row segment is in (2). Themodiﬁcation
from (1) to (2) is to avoid the error accumulation between the predicted
period and the real period. However, the simulation will prove that the
improved method also possesses certain defects which can't eradicate
noise signal thoroughly.
2.3. Determination of period length by SVD energy
Suppose there is a time sequence: x1 ,x2 ,x3… An m × n dimension
matrix can be constructed as follows [19]:
D 1ð Þm ¼
x 1ð Þ1 x
1ð Þ
2 ⋯ x
1ð Þ
n
x 1ð Þ2 x
1ð Þ
3 ⋯ x
1ð Þ
nþ1
⋮ ⋮ ⋱ ⋮
x 1ð Þm x
1ð Þ
m ⋯ x
1ð Þ
mþn−1
2
6664
3
7775 ð4Þ
where Dm(1) suggests that the constructed matrix has m rows and its
elements belong to the ﬁrst period. This also implies that the period of
the signal can be assumed as T=(m+n−1)×Δt, where Δt is the sam-
pling interval.
While keeping the length of rows constant, each time themis-added
by 1 and the period is added by Δt. Considering the (k− 1)th period is
adopted to predict the kth period, ith sample points are acquired in the
kth period, the matrix should be reconstructed as follows [20]:
D k;ið Þm ¼
x kð Þ1 x
kð Þ
2 … x
kð Þ
i x
k−1ð Þ
iþ1 … x
k−1ð Þ
n
x kð Þ2 x
kð Þ
3 … x
k−1ð Þ
iþ1 x
k−1ð Þ
iþ2 … x
k−1ð Þ
nþ1
⋮ ⋮ ⋱ ⋮ ⋮ ⋱ ⋮
x kð Þi x
k−1ð Þ
iþ1 … x
k−1ð Þ
2i−1 x
k−1ð Þ
2i … x
k−1ð Þ
nþi−1
x k−1ð Þiþ1 x
k−1ð Þ
iþ2 … x
k−1ð Þ
2i x
k−1ð Þ
2iþ1 … x
k−1ð Þ
nþi
⋮ ⋮ ⋱ ⋮ ⋮ ⋱ ⋮
x k−1ð Þm x
k−1ð Þ
mþ1 … x
k−1ð Þ
mþi−1 x
k−1ð Þ
mþi … x
k−1ð Þ
mþn−1
2
66666666664
3
77777777775
ð4Þ
Obviously, suppose that many segments with same length of
m + n − 1 points are cut consecutively from the series, and every
segment is regarded as a holistic period. We can check the extent of
signal repetition by thus approach. Because if the constructed dimension
is appropriate and no error exists between the predicted period and the
real one, a series of matrix will be formed,
D 1ð Þm ;D
2;1ð Þ
m ;D
2;2ð Þ
m ;⋯;D
2;mþn−1ð Þ
m ;D
3;1ð Þ
m ;⋯;D
3;mþn−1ð Þ
m ;⋯;D
k;1ð Þ
m ;⋯;D
k;ið Þ
m ;⋯
ð5Þ
Once operating SVD, we can procure their singular values. Frobenious
norm of the corresponding matrix reﬂects the variation of the signal
intensity [21]. If the predicted period is precise, the magnitude of
Frobenious norm belongs to a little ﬁxed range. If it is not precise, the
magnitude of Frobenious norm will distribute in a larger range. The
width of the distributing range reﬂects the period of the signal. In fact,
(5) can be regarded as a “sliding energy window”. Within its energy
range, we can decide whether the size of the window is appropriate.
Algorithm for a general value ofmcanbe summarized in the following
steps:
27S. Xu et al. / Sensing and Bio-Sensing Research 7 (2016) 25–301) Construct a m × n data matrix. Once the value of n is chosen, usually
it might not be changed as discussed before.
2) Each time we attain one new sample point. We substitute the corre-
sponding one into the constructed matrix and employs SVD to the
newmatrix one time to get its value of Frobenious norm. After several
periods, the range of Frobenius-norm will be formed. If F-norm
changes in a limited range, we suppose that at this time, the value of
m is the optimum one. And the period of composition T is (m+n−
1)×Δt. Otherwise, the value of m will be dwindled until the range of
Frobenious norm is narrow enough. Of course, if the original signal is
not periodic, there is no such a range.
3) Signal reconstruction
We still can't avoid error accumulation by this method. In order to
detect the accurate period of signal and to lower the error more,
it's necessary to improve this method.
2.4. Improved SVD energy method
With the introduction of improved SVR spectrum, we propose an
improved method to construct the SVD matrix from a series.
In Section 3.3, every period is truncated consecutively, viz. the ith
point of the kth period xi(k) is [(k−1)×(m+n−1)+i] th point of the
series x(k−1)×(m+n−1)+i.
For the same series with the sampling interval Δt, take a positive real
number p (p≥2) and deﬁnem+n−1=round(p), pk=round[(k−1)p],
k = 1,2…, where round() is a rounding function to the nearest integer,
then the ith point of the kth periodxi(k) will be the (pk+i)th point of
the series xpk+i. Under such condition, if still regarding data in the
(k− 1)th period as the prediction of the kth period, and i sample points
have been captured in the kth period, (4) will be rearranged to:
D k;ið Þm ¼
xpkþ1 xpkþ2 … xpkþi xpk−1þiþ1 … xpk−1þn
xpkþ2 xpkþ3 … xpk−1þiþ1 xpk−1þiþ2 … xpk−1þnþ1
⋮ ⋮ ⋱ ⋮ ⋮ ⋱ ⋮
xpkþi xpk−1þiþ1 … xpkþ2i−1 xpkþ2i … xpkþiþn−1
xpk−1þiþ1 xpk−1þiþ2 … xpkþ2i xpkþ2iþ1 … xpkþiþn
⋮ ⋮ ⋱ ⋮ ⋮ ⋱ ⋮
xpk−1þm xpk−1þmþ1 … xpk−1þmþi−1 xpk−1þmþi … xpkþmþn−1
2
666666664
3
777777775
ð6Þ
Themodiﬁcation from(4) to (6) ensures that theﬁrst period coincides
with others increasingly. In the next section, all above methods are
collated by ECL signal analysis.Fig. 1.MPI-B capillary electrophoresis ECL system.Besides, if the signal's energy distributing range is [Emin, Emax],
Forecasting Period's Reliability(FPR) is deﬁned as
FPR ¼ 1−2 Emax−Emin
Emax þ Emin
 
 100% ð7Þ
FPR, together with the width of energy, will be applied to judge the
periodicity of signal. The larger FPR is, the better the periodicity is. That
is to say, the value of FPR reﬂects the variation of slidingwindowenergy.
3. ECL signal extraction and processing
3.1. ECL signal extraction
ECL signals are detected by ECL workstation in cassettes. With light
signal ampliﬁed by PMT, the signal is transmitted and recorded in
computer client with respect to time t [22]. A simulating periodic
impulse series is obtained with the signal discretized by sampling
period 13 s, with larger components truncated. The following simulation
and optimization are designed to eliminate the noise in the signal. The
noise in the signal is generated by impurities and remnants remained
on the working electrode [23]. Often can't be expunged completely, the
impurities such as complex and radical generates photoluminescence
signals which plays the role of noise. However, the peak and the wave-
length signals are essential in ECL detection. Thus, noise eradication and
ﬁltration is obligatory to adjudicate substances.
An ECL periodic signal was extracted by a model MPI-B capillary
electrophoresis ECL system (Xi'an Remax Electronics Inc., China) and
home-made EC and ECL compatible microchip in Figs. 1 and 2. The
microchip with three electrodes integrated is designed and fabricated
in previous works [24]. The Ag, Pt and Pt electrodes were performed
as the reference electrode, working electrode and counter electrode,
respectively. Tris(2,2′-bipyridyl)ruthenium(II) chloride hexahydrate
(Ru(bpy)3Cl26H2O, 98%) was adopted as standard reagent is ECL ﬁeld.
With ECL intensitiesmeasured through the bottomof the cell, the feeble
light signal was ampliﬁed and converted into electrical signal by
photomultiplier tube (PMT) window, whose voltage was set at 850 V.
The Ag–Pt–Pt three-electrode system was employed as a model and
characterized by cyclic voltammetry (CV) in 0.1 M H2SO4 solution.
3.2. SVD and SVR processing and optimization
According to the original signal and the sampling frequency, the
signal's period is around 13(65 ÷ 5) seconds which is also picked as
sampling intervals. Applying SVR spectrum, the results of simulation
of periodic component is shown in Fig. 1(a) and (b), respectively. In
Fig. 1(a), we can ﬁnd that the original signal is quasi-periodic with erratic
cusps and ﬂuctuation. SVR spectrum is in U shape. The ECL intensity is
veriﬁable inﬁnity since thewhole signal can be regarded as a periodic sig-
nal. The left hand side of the curve is truncated because the calculated
frequency is cut-off near 0.5. In this case, the ECL intensity is also highFig. 2. EC and ECL compatible microchip.
Fig. 3. (a) Original data (b) SVR spectrum.
28 S. Xu et al. / Sensing and Bio-Sensing Research 7 (2016) 25–30but limited since this part reveals the minimum period of the signal. All
irregular components in the original data attribute to the conspicuous
eccentricity in the middle part of its SVR spectrum.
As the illustration shown in Fig. 2(a), SVD energy approach was
conducted to handle the signal. Energy range of periodic component
was obtained by improved SVR spectrum and shown in Fig. 2(b). We
can see that the ECL intensity ﬂuctuates less than the original signal in
both SVD processing and SVR spectrum, but the ﬂuctuation amplitude
is becoming larger. Since signal is extracted in every period by SVD
energy approach and SVR spectrum, the error accumulates although it
is quite unnoticeable from the graph. Therefore, SVD energy approach
is not quite efﬁcient in ECL signal processing. However, there is still
room for improvement.
Employing improved SVD energy method to the original signal, the
processed signal and the SVR spectrum were obtained and depicted
in Fig. 3(a) and (b). From the ﬁgure, the signal oscillation is further
diminished, which shows the efﬁcacy of applying SVD energy method
and improved SVR spectrum simultaneously. In addition, we can ﬁnd
that the ECL intensity near 0 and 0.5 are still relatively high compared
to previous results, which reveals that periodicity remains quite constant.
The error accumulation started to fall because data was processed into a
molliﬁed form. From the results, although there is still a small amountFig. 4. Energy SVD and SVR (a) original sof incongruity, we can see that the improved energy method and SVR
spectrum are applicable in ECL signal processing.
In the following step, SVR spectrumwas supersededby improved SVR,
while improved energy SVD was still employed in the approach since it
performed well in previous results. The optimization results are shown
in Fig. 4(a) and (b). From the ﬁgure, we can see that no conspicuous
cusp or incongruity occurs. The ECL intensity peak conﬁrms previous
work [25], which veriﬁes the proposed approach is valid. Plus, the
processed signal suggests a perfect periodicity with no error accumula-
tion. Although the ECL intensity near 0 and 0.5 are still high in improved
SVR spectrum, compared to previous experiments, the ECL intensity re-
mains 0 when angular velocity varies from 0.1 to 0.4. The results imply
that almost every cusp and incongruity was eliminated in the combina-
tion of improved energy SVD and improved SVR spectrum approach. Fur-
thermore, in Fig. 4(a), we are surprised to ﬁnd that the signal is almost
perfect periodic and no error occurs. The method of extracting the signal
in one speciﬁc period attributes to this result. However, important
messages might be mis-conveyed since no sufﬁcient data was involved
in the process. Thus, to enhance this method, more experiments must
be performed at the same time. (See Figs. 5 and 6.)
In summary, the simulation and optimization results prove that SVD
energy method is more accurate by carrying out the improved SVDignal processing (b) SVR spectrum.
Fig. 5. Improved energy SVD and SVR (a) original signal processing (b) SVR spectrum.
29S. Xu et al. / Sensing and Bio-Sensing Research 7 (2016) 25–30energy method. The reason why both the SVR spectrum and the
improved SVR spectrum are not completely valid is that both of them
can't fully avoid the error accumulation since their corresponding
matrices includemultiple period samplingpoints [26]. If the error exists,
the error accumulation can't be avoided. The improved SVR spectrum
only decreases the extent of error accumulation. The improved SVD
energy method is valid because its matrix only includes one period's
sampling points. Even though the error exists, it can't be accumulated.
However, in order to attain better results, more repetitive experiments
must be conducted for several times.
4. Conclusion
In this work, an improved energy SVD and an improved SVRmethod
were proposed to process ECL signals. ECL has provided a realist way to
perceive substances. However, like actual mechanical and electrical
signals, cusps or incongruities may occur by irradiative impurities and
remnants, which perturb the substance analysis. Firstly, this paper
introduces the signiﬁcance of eliminating the noise of ECL signalsFig. 6. Improved energy SVD and improved SVR (a) Origintroduced by impurities on electrodes for chemical analysis. Then the
paper points out current research in this area are sufﬁcient. Next,
current literature SVD techniques are investigated separately to testify
their validity and inaccuracies. The commencing method is energy
SVD togetherwith SVR,whichdecreases theﬂuctuation of ECL intensity.
However, the error is accumulated thus further investigation is
conducted. With the help of improved energy method and SVR, the
signal is reﬁned with less oscillation amplitude. Both the error accumu-
lation and signal oscillation has been reduced in a great measure. In
order to perfect this method, we proposed another efﬁcacious approach
by improved energy SVD and improved SVR. Even less ﬂuctuation was
generated and almost no error accumulates since signal was extracted
in only one holistic period. Hence it may lose certain information and
several identical experiments must be conducted simultaneously.
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